Limited information exists on the pathologic changes occurring with surfactant-induced ocular irritation in the context of accidental human exposures and animal tests used to assess for such irritation. The purpose of this study was to begin to characterize the pathologic changes that occur with surfactants in the context of standard animal tests and compare the response in rats to that in rabbits. Representative anionic, cationic, and nonionic surfactants causing slight to severe ocular irritation were directly applied to the corneas of rabbits and rats at a dose of 10 &mu;l. Eyes and eyelids of each animal were macroscopically examined for signs of irritation beginning 3 hr after dosing and periodically until recovery or day 35. Eyes and eyelids from animals in each group were collected for microscopic examination after 3 hr and at recovery or day 35. Microscopically, all of the surfactants caused erosion, denudation, and/or necrosis of the conjunctival and corneal epithelium in rabbits and rats. Necrosis of keratocytes was observed in rabbits and rats treated with the severely irritating cationic surfactant and in rats treated with anionic surfactants that were mildly irritating and moderately irritating. Corneal endothelial changes were observed in rabbits and rats with only the cationic surfactant. Changes in eyes of rabbits and rats that had not recovered by day 35 included decreased prominence of goblet cells, conjunctivalization of the corneal epithelium, neovascularization and fibrosis of the cornea, and presence of devitalized stroma. Overall, the changes in rabbits and rats were similar and suggest that the rat may be used as a surrogate for the rabbit in studies to understand better mechanisms of surfactantinduced eye irritation.
INTRODUCTION
The eye is the site of accidental exposure to many products. Thus, there is need to assess for the potential of these products to cause ocular irritation. In vivo eye irritation testing, as necessary, assures that products (a) can be made safely, (b) are safe for their intended use and any foreseeable misuse by consumers, (c) are appropriately labeled, and (d) meet regulatory safety testing requirements. Currently, eye irritation assays use a systematic numeric scoring system to quantify irritation in the albino rabbit (4, 6, 13) . Although in vivo eye irritation tests provide important and useful information, they have been criticized for their subjectivity (4, 26) , their lack of repeatability (4, 38) , and their overprediction of human responses (4, 17, 31) and by animal welfare advocates because they require the use of animals (4, 35) . Thus, there is great interest in developing alternative methods to allow ocular safety assessments to be made more accurately and without the use of animals (4) (5) (6) .
Alternative in vitro tests have been broadly characterized as being used as either screens or replacements (20, 21) . Screens are used to make preliminary decisions or establish the direction for further testing (20, 21) . Screens are also used in a tier eye irritation assessment process (3) . The results from screens are usually confirmed by more definitive testing (20, 21) . For screens, as long as there is good empirical correlation between the in vitro test results and the in vivo test results, a mechanistic similarity to the events occurring in vivo is not necessary (20, 21) . Unlike screens, replacements must provide the same answers as in vivo methods used for making definitive toxicologic assessments (20, 21) . For alternative tests to be used as replacements in assessing safety, there must be some mechanistic similarity between the in vitro tests and the events occurring in vivo (20, 21) . One major barrier to developing predictive, mechanistically based in vitro assays for use as replacement tests is a better understanding of critical cellular and molecular changes involved in ocular injury and repair in current in vivo tests used to assess ocular irritation.
Surfactants are used for a variety of purposes in household cleaning products, cosmetics, personal care products, foods, and pharmaceuticals (4). They are known to cause ocular injury (4) and, therefore, need to be tested for their potential to cause ocular irritation. Surfactants are broadly classified as cationic, anionic, and nonionic based on their chemistry (4). Currently, limited information exists on the pathologic changes occurring with surfactant-induced eye irritation in the context of accidental human exposures and animal tests used to assess such irritation.
One purpose of this study was to provide initial characterization of the pathologic changes occurring with surfactants in the context of a test routinely used for assessing ocular irritation. A second purpose was to determine whether or not rats mi2ht be an atinropriate substitute for rabbits in further mechanistic studies. Using the rat would diffuse possible concerns arising from what would be a dramatic increase in number of rabbits used for experimentation and would provide perspective regarding extrapolation of findings from one species to another.
METHODS
Animals and Animal Husbandry. Adult male New Zealand albino rabbits (Mohican Valley Rabbitry, Loudonville, OH) and adult male Sprague-Dawley rats (Charles River Laboratories, Inc., Portage, MI) were used. Rabbits weighed ±1.5 kg and rats weighed 220-300 g. The animals were individually housed in suspended stainless-steel cages in an environment-controlled room with a 12/12-hr light/dark cycle. Purina Certified Rabbit Chow (rabbits), Purina Certified Rat Chow (rats), and water purified by reverse osmosis were provided to each animal ad libitum. All animals were acclimated to the laboratory environment for a minimum of 7 days prior to initiation of the study. Animal housing and care were based on the American Association for Accreditation of Laboratory Animal Care standards and those published in the Guide for the Care and Use of Laboratory Animals (41) .
Test Materials. Anionic, cationic, and nonionic surfactants (Table I) Experimental Procedures. The LVET was used because it is less stressful to the rabbits and is more predictive of human ocular irritancy potential than the standard Draize procedure (10, (15) (16) (17) (4) . The score for each of these structures is weighted. The score for the corneal changes is given the most weight, with the maximum score for the cornea being 80 compared to the maximum total score for cornea, conjunctiva, and iris being 110. ' Three animals per group were used because statistical studies conducted to determine the effects of reducing the number of animals in the Draize test (12, 38) and LVET (6) have indicated that this number provides an eye irritation classification similar to that obtained from a 6-animal study. Prior to dosing on day 0, both eyes of each animal provisionally selected for test use were examined macroscopically with the aid of a penlight. On day 0, 10 [LI of each surfactant was directly placed on the cornea of the right eye of 6 rabbits and 6 rats. Dosing was performed using a 100-[LI Hamilton syringe (Hamilton Co., Reno, NV). Following instillation, the eyelids were released immediately without forced blinking or manipulation. The left eye of each animal was not treated and served as the control.
Three hr after dosing, the eyes and eyelids from 3 rabbits and 3 rats were macroscopically examined with the aid of a penlight for signs of irritation and scored according to a weighted scale for grading the severity of ocular lesions (13) . The cornea was evaluated for opacity by degree and area as well as for erosion, neovascularization, and scar formation. The iris was assessed for increased prominence or iridal folds, congestion, swelling, circumcomeal injection, hemorrhage, gross tissue destruction, and decreased pupillary reflex. The conjunctiva was evaluated for degree of redness, swelling (chemosis), and discharge. The maximum total score possible was 110 (cornea = 80, iris = 10, conjunctiva = 20). The animals were then euthanized by intravenous injection of sodium pentobarbital (rabbits) or carbon dioxide inhalation (rats). For the remaining animals, the eyes and eyelids were macroscopically examined and scored at 3 hr and on days 1, 2, 3, 4, 7, 14, 21, 28, and 35. On the day the eyes and eyelids of an animal were determined to recover (i.e., appear normal) or on day 35 , it was euthanized.
Eyes and eyelids were collected from all animals. Eyes were placed in Davidson's fixative and after 24 hr were transferred to 10% neutral-buffered formalin (NBF). The left and right upper and lower eyelids were collected and placed in 10% NBF Eyes and eyelids were trimmed, processed, embedded in paraffin, sectioned, and stained with hematoxylin and eosin. Eyes were sectioned to allow microscopic examination at the level of the peripheral cornea, intermediate cornea, and central cornea. All microscopic examinations were performed by one of us (J.K.M.) and the changes were assigned severity grades of 0-5, representing unremarkable, slight, mild, moderate, marked, and severe, respectively.
Mean scores for macroscopic changes associated with the cornea, iris, and conjunctiva were determined as were the maximum average score (MAS) and median days to recovery. The mean scores at 3 hr were determined based on 6 animals per group, whereas the scores at the other time points were determined based on 3 animals per group. The MAS represents the highest score for a treated group during the course of the study beginning on day 1. Mean severity scores for the microscopic observations were derived by adding the severity scores for all 3 animals in each treated group at each sacrifice (i.e., 3 hr or recovery) and dividing by the number of animals in the group.
RESULTS

Macroscopic Observations
Collectively, the mean irritation scores at 3 hr, the MASs, and the median days to recovery (Table II) revealed the various surfactants to cause differing levels of irritation. The scores for AS3, a mild irritant, were higher than those for the other mild irritants (AS2, NS) and more similar to those of AS4, a moderate irritant. In general, the scores for rabbits and rats were similar, although the mean total scores and mean corneal scores for NS were higher in rats than rabbits. In both the rabbit and rat, the conjunctiva tended to be principally affected with the least irritating surfactant (AS1), whereas the conjunctiva, cornea, and iris were affected with the more irritating surfactants. Neovascularization was not observed with AS but was observed in rabbits and/or rats with the other surfactants, and the incidence of neovascularization correlated with the level of irritation.
Microscopic Observations
At 3 hr, for a given surfactant, the types of microscopic changes associated with the eyes and eyelids were generally similar for rabbits and rats (Tables III and IV) . The overall incidence and severity of these changes followed the overall irritancy of the surfactants. The principal changes were erosion (thinning of surface epithelium) and denudation (absence of surface epithelium) of the conjunctiva and cornea, with submucosal edema and infiltration of neutrophils (Figs. I and 2). Additionally, with NS detachment and necrosis of individual cells were at times observed in association with the remaining epithelium, whereas with CS, a severe irritant, most of the remaining epithelium had undergone coagulative necrosis. Loss of keratocytes in the anterior portion of the stroma was observed in both rats and rabbits with CS, but only in rats with AS3 and AS4. Endothelial cell changes characterized as vacuolization and/or necrosis occurred in rabbits and rats dosed with CS. Variable involvement of the anterior chamber and iris/ciliary body, as evidenced by the presence of neutrophils or increased protein, was observed with AS3 and CS in rats and rabbits and with AS4 in rats.
After the eyes and eyelids had macroscopically returned to normal (i.e., recovered) or at day 35, there were no microscopic changes observed for AS 1 (Tables V and VI). Decreased prominence of goblet cells was observed in rabbits dosed with AS2 and in rabbits and rats dosed with AS4 and CS. Denudation, attenuation, and dysplasia of the epithelium occurred in rabbits with AS4 and CS, in an individual rabbit with AS3, and in an individual rat with CS and NS. Epithelial hyperplasia occurred in individual rabbits with AS3 and CS. Conjunctivalization (i.e., presence of conjunctival epithelium over the cornea surface as evidenced by presence of goblet cells) ( Fig. 3) was observed with AS4 and CS in rats and rabbits and with AS3 in an individual rat. Neovascularization of the cornea (Fig. 3 ) was observed with AS4 and CS in rabbits and rats and with AS3 in I rabbit. Inflammation and fibroplasia associated with devitalized collagenous sequestra were observed with CS in rabbits and rats (Fig. 4 ). There was decreased cellularity of the endothelium in rabbits and rats dosed with CS and inflammatory cell infiltrate in the anterior chamber of rats dosed with CS.
DISCUSSION
For each surfactant, the macroscopic observations, scores, and days to recovery were generally similar in rats and rabbits. There were 2 exceptions. First, there was not the same clear difference in the macroscopic observations between AS3, a mild irritant, and AS4, a moderate irritant, as there was between the other mild irritants (AS2, NS) and AS4. Second, the mean total score and mean corneal score for NS were higher for rats than for rabbits. These 2 exceptions likely reflect the inherent variability of the test. In vivo eye irritation tests have been 1. -Representative microscopic changes associated with palpebral conjunctiva at 3 hr following dosing with AS3: rabbit (a) and rat (b) control eyelids, and rabbit (c) and rat (d) treated eyelids. Note marked erosion and denudation of the conjunctival epithelium and edema associated with treated eyelids. H&E. Original magnification: X 100. criticized as having a low level of repeatability because the scoring system used is subjective and prone to differences in interpretation and execution of the test guidelines among laboratories and individuals (11, 42) . Additionally, differences in the response from one animal to another have been found to contribute to the variability of the scores (43) .
For each species, the microscopic findings were consistent with the macroscopic observations. The area and depth of injury observed microscopically paralleled the general level of irritation observed macroscopically and correlated with the time to recovery or failure to recover by day 35 . The changes occurring with the innocuous/ slight irritant (AS 1 ) were principally erosion of the conjunctival and corneal epithelium and conjunctival edema, and the eyes recovered in a few days. Compared to AS1, the mild eye irritants (AS2, AS3, NS) caused more severe erosion and denudation of the conjunctival and corneal epithelium and more severe conjunctival edema. Additionally, 2 of the mild irritants (AS3, NS) caused necrosis of keratocytes in rats. For the mild irritants, recovery tended to occur over a few weeks, although the eyes of a few animals had not recovered by day 35. Although the initial injury was not markedly different for AS3, a mild irritant, compared to AS4, a moderate irritant, that the injury may have been more severe with AS4 is suggested by the higher incidence of neovascularization observed with AS4. The most severe changes were observed with CS. Besides causing more severe epithelial changes, CS caused prominent loss of keratocytes and endothelial cell changes in rabbits and rats. The presence of more severe irritation with CS was supported by an increased incidence and severity of neovascularization, increased conjunctivalization of the corneal surface, and failure of any of the animals to recover within 35 days.
Cationic surfactants are generally considered to be more irritating than anionic surfactants and nonionic surfactants, although the degree of irritation is influenced by concentration (19, 25) . Collectively, our findings are consistent with those in previous studies in which rabbits were dosed with 100 ~Ll of an anionic surfactant solution or with surfactant containing soap or detergent (22, 33) . For one study (33) , the chief inflammatory features were summarized as being (a) damage to and sloughing of sur- face epithelium of conjunctiva and mild corneal changes consisting of some desquamation to mild focal ulceration in moderate responses, (b) stromal edema and more severe coagulative changes with damage of the complete epithelium and Bowman's layer, and (c) congestion and increased vascular permeability of blood vessels, especially of eyelids and fornix associated with variable leukocyte infiltrates.
Considering the smaller size of the globe and the greater area of the cornea in relation to the globe in rats than rabbits (37) , rats in this study received a relatively larger dose of each surfactant; however, responses in rats were similar to those in rabbits. This observation is consistent with reported species differences to shampoo-and detergent-induced eye irritation, with the rabbit, hamster, and mouse being more sensitive than the rat and guinea pig (18) . The dog, cat, chicken, and rhesus monkey are least sensitive (18) . In those studies, rabbits were dosed with 0.1 ml whereas smaller species received 0.05 ml, and examination was principally done using a slit lamp.
Coagulative necrosis was observed with CS but not the other surfactants. This finding is consistent with reports that cationic surfactants generally tend to precipitate cellular proteins, whereas anionics cause cell lysis, and nonionics cause neither cell lysis nor precipitation of proteins (19) .
Conjunctivalization is an expected finding when there is severe loss of the corneal epithelium (14) . Under normal circumstances, the limbal epithelium acts as a barrier to migration of the conjunctival epithelium onto the cornea, but when the epithelial defect involves the limbus this barrier is lost. Conjunctival transdifferentiation is the process whereby conjunctival epithelium over the cornea undergoes slow transformation to assume morphologic characteristics resembling the more normal corneal epithelium, although biochemically and functionally this transformation may not be complete. It has also been suggested that this transformation may occur due to incomplete removal of limbal-basal epithelium and replacement of the conjunctival epithelium with normal corneal epithelium (14, 29) . The term transdifferentiation has been suggested for denoting transformation from one highly differentiated phenotype, the conjunctival epithelium, to TABLE V.-Microscopic observations for treated eyes at recovery/day 35. a Relative irritancy of surfactants (see Table I ).
b See Table I . e Incidence based on 3 animals per group.° Mean severity = sum of severity grades for individual animals divided by number in group. another highly differentiated cell type, corneal epithelium (1, 39) .
Keratocyte loss was not observed in all instances of epithelial denudation. Additionally, keratocyte loss occurred more often in rats than rabbits. These observations in part may reflect an inability to appreciate minimal loss of small numbers of keratocytes by light microscopy, because some loss of keratocytes has been observed when there is deepithelialization of the corneal surface (7, 8, 32) . Alternatively, this species difference may reflect the relatively higher dose given to the rat and the fact that the rat cornea is much thinner than the rabbit cornea, allowing for deeper penetration of the surfactants. In vivo confocal microscopic measurements have revealed the cornea to be approximately 131 and 377 /-Lm thick in the rat and rabbit, respectively (28) . This contrasts to a great-er similarity of the corneal epithelial cell layer thickness, with this layer being approximately 30 and 40 >m thick in the rat and rabbit, respectively (28) . Furthermore, radiolabeled detergent has been found to penetrate the cornea, to accumulate in ocular tissues, and to be released slowly (9) . Similarly, differences in stromal thickness and surfactant penetration may in part account for differences in the severity of endothelial cell changes in the rat and rabbit.
Invasion of the normally avascular cornea by new blood vessels (neovascularization) is a common response to a wide range of noxious stimuli (30) . Both inflammation and attrition of central cell mass can be associated with more corneal vascularization (40) . The presence of blood vessels in the periphery of the cornea has been suggested to facilitate faster migration of conjunctival Original magnification: a) X 100, b) x 250. cells that normally reside over a highly vascular substantia propria (36) . This is supported by studies demonstrating that conjunctival transdifferentiation can be induced on vascularized corneas after occlusion of corneal vessels by photothrombosis (27) .
A paucity of truly comparative ocular data for different species exists (34) . The only species with eyes that resemble human eyes in morphological detail as well as in physiological and pharmacological responses are some of the diurnal anthropoid primates-vervet, cynomologus, rhesus monkey (2) . Similarities in the responses of rats and rabbits in this study suggest that the rat may be an appropriate alternative species for studying mechanisms of eye irritation and are consistent with previous indications that the albino rat and Swiss mouse lend themselves as effective adjuvants to rabbits in screening corneal irritancy (18) .
It is hoped that this initial microscopic characterization of the pathology of surfactant-induced eye irritation occurring in the setting of a standard eye irritation test will aid in the identification of quantitative and qualitative changes in biomarkers (e.g., mediators, extracellular fac- Original magnification: a) X 100, b) X 250. tors). We believe biomarkers associated with these changes can then be applied to the improvement of existing in vitro assays as well as the development of new in vitro assays. In addition, information such as this will provide important perspective for the interpretation of efforts to validate in vitro assays as well as better interpret existing in vivo tests.
